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ABSTRACT 
 
The present work is concerned with the use of the cross correlation technique to measure delay time between 
two simulated signals displaced with respect to time, in order to develop a cross correlator system that will be 
used to measure the water and oil pipes flowrate in which the detection system is composed by two external low 
intensity radiation sources located along the tube and two NaI(Tl) gamma-ray detectors.  The final purpose of 
the correlator system is to use the natural disturbances, as the turbulence in the own flow rather than to inject 
radioactive tracers to the fluid flow as usually is carried out. 
In the design of this correlator is evaluated the point-by-point calculation method for the cross correlation 
function in order to produce a system accurate and fast. This method is divided at the same time in three modes 
of operation: direct, relay and polarity. 
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1. INTRODUCTION 
 
Flow measurement is an economical important aspect of plant instrumentation and use well 
established techniques that have been commercially available for many years [1]. 
 
The cross correlation flowmeters are generally based on measuring the transit time of a 
tagging signal in the flow between two axially separated sensors. The transit time is measured 
by a cross correlator that is a system composed by hardware and software to calculate the 
correlation function. 
 
The basic principle of cross correlation is very similar to the tracer technique for measuring 
flow velocity of a chemical or radioisotope injected into the flowing fluid over a knowing 
distance, but instead of injecting a foreign substance into the fluid, the tracer is provided by 
some detectable random variable already existing naturally in the flow, as the turbulence. 
 
One of the most important parameters to be calculated of the flowmeters based on cross 
correlation technique is the accuracy of the measurements because the economical profits are 
closely related to the uncertainty of the measurement. In order to study the effects of each 
mode of operation in the accuracy measurement was employed simulated signals, and by 
mean of these, to develop and improve a cross correlator system before to test it with real 
ones.  
 
In this way a theoretical study was carried out to evaluate the method. 
 
2. CROSS CORRELATION TECHNIQUE 
 
If two signals of two sensors that are placed a known distance “L” apart along of one tube are 
compared, is possible to find the delay time interval “τm” at which these two signals have the 
maximum similarity and the relation of this distance and this delay time allow to calculate the 
flow velocity [3]:  
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That delay time could be obtained when a continuous randomly varying input signal x(t) is 
convoluted (i.e. multiplied and integrated with suitable time displacement) with the system 
output y(t). That process is carried out by mean of the cross correlation function, “Rxy(τ)” 
[1,2]: 
 
 
∫ +=
∞→
T
Txy
dttytx
T
R
0
)().(1lim)( ττ  (2) 
 
 
)(tx  is the signal of the upstream sensor at time t. 
)( τ+ty  is the signal of the downstream sensor delayed by a time τ. 
T            is the integration time. 
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The maximum of the plotting of the )(τxyR  function on a time axis is at the time delay “ mτ ” 
that represent the mean transit time for the fluid to flow from the first sensor to the second. 
 
When the mean values, x  and y , of the signals x(t) and  y(t), respectively are not zero, the 
cross correlation function can be normalized through the covariance’s Cx(τ), Cy(τ), Cxy(τ). 
This new function is the normalized cross covariance: 
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The advantage of cross correlation is that any spurious signal present on output y(t) is 
rejected because they have no correlation with the input signal x(t). 
 
The cross correlation technique is widely used in both laboratory and industry for pipeline 
flow velocity measurement. 
 
In practice the cross correlation function is calculated by a digital system that uses the 
equation (2) in following way [2]: 
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This function can be calculated using two methods, the point-by-point and the evolutionary 
cross correlation calculation. 
 
2.1. Point by Point Cross Correlation Calculation 
 
In this case the cross correlation function is calculated one point at a time by expanding 
equation (4) into a set of individual ones, and the form of the solution given by equation (5), 
is as shown in Fig. 1. 
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Each equations represent a degree of similarity between the signal x(t) and y(t). When the 
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similarity between the signals is great the value of the function Rxy is great too. 
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Figure 1: Typical curve of point by point cross correlation function.  
 
2.2. Modes of Operation 
 
The signals in both methods of cross correlation calculation can be handled in three different 
ways: Direct, Relay and Polarity. 
 
2.2.1. Direct mode 
 
The signals of the two sensors are used in the analog original form into the cross correlator 
system to calculate de function according to the equation (4) [1,2], as shown in Fig. 3. 
 
 
 
 
 
 
 
 
 
Figure 3:  In direct mode the signals go to the cross correlator in original form. 
 
 
2.2.2. Relay mode 
 
One of the signals is used in binary quantized according to de sign deviation with respect to 
its mean value and the other is kept in analogue form, as shown in Fig. 4. The correlator 
calculates the cross correlation function according to the equation [1, 2]:  
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Figure 4:  In relay mode one of the signals goes to the cross correlator in binary form 
and the second one in original form. 
 
2.2.3. Polarity mode 
 
In this mode of operation both signals are quantized in binary from the mean value and used 
into the cross correlator [2], as shown in Fig. 5, according to the equation: 
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Figure 5:  In polarity mode both signals go to the cross correlator in binary form. 
 
 
3. ACCURACY OF TIME DELAY ESTIMATES 
 
The calculation of the fluid flow rate using cross correlation techniques is done by mean of 
measuring the time delay of the signals. Because of this reason the estimation of the accuracy 
in the time delay is very important indeed. 
 
The statistical errors in the correlation method are increased as the number of data is reduced. 
For instance, in the cross correlation flowmeters, where the practical average time “T”, is 
finite, the significance of it may be great. This is the reason why to know the basic nature of 
the statistical errors is very important. The accuracy of the cross correlation flow rate 
measurement is strongly dependent of the delay time peak value of the cross correlation 
function, and not of the magnitude of it. In practical situations the time “T” of measurement, 
may be short in order to have a fast response. [2] 
 
Another factor that affects the accuracy of the flow rate measurement by cross correlation is 
the measured signal width. As the width of the cross correlation function vary with the 
operation mode (direct, relay, polar) the accuracy of the flow rate measurement will vary.  
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Additionally to this are the systematic errors caused by the geometry of the system: effective 
sensor spacing and pipe diameter variation [2].  
 
 
4. EXAMPLES OF SIMULATED SIGNALS 
 
In this work was examined only the point by point calculation method of the cross correlation 
function. In order to estimate the accuracy of each mode of operation, was employed a set of 
simulated signals with different characteristics 
 
 
4.1 Input x(t) and Output y(t) as Square Signals. 
 
In this case the input and output signal are square and identical, but the second one is delayed 
two seconds (2 s) in relation to the first one, as is shown in Fig. 6a. These signals were tested 
with the point by point cross correlation calculation and using the three modes of operation 
(direct, relay and polarity) and all of them present a maximum at two seconds. The curves of 
the two signals input and output and the graphics of normalized cross covariance function in 
each mode are presented below: 
 
 
Figure 6:  (a) Simulated square signals x(t) and y(t) with two seconds delay between 
them. (b) Graphics of the normalized cross covariance function of the signals x(t) and 
y(t) in direct, relay and polarity mode. All these graphics have a maximum at two 
seconds 
 
 
4.2. x(t) and y(t)  are Gaussian Signals (Sensor Closer or Flow Rate High) 
 
Here in this part the simulated Gaussians signals used in the work to simulate a case in which 
the flow rate is high or the detectors are too much closer. In this case a delayed time between 
these is 7 seconds and the signals are overlapped as is shown in the Fig. 7a used to test, was 
two signals delayed seven seconds as shown in Fig. 7a. When these signals are used and the 
delayed time is obtained for the cross correlation program the result of the cross correlation 
function is plotted in Fig. 7b. 
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Figure 7: (a) Gaussian signals x(t) and y(t) with seven seconds delay between them. (b) 
The normalized cross covariance function of the signals x(t) and y(t) in direct, relay and 
polarity mode. All these graphics have a maximum at seven seconds. 
 
 
4.3. x(t) and y(t) Signals Gaussians (Sensors Away or Low Flow Rate) 
 
In this case the Gaussian signals are again 7s delayed as is shown in Fig. 8a. For this 
condition the normalized cross correlation function present the shape as shown Fig. 8b. 
 
 
Figure 8: (a) Two Gaussian signals x(t) and y(t) with seven seconds delay between them 
but not overlapped. (b) Normalized cross covariance function of the signals x(t) and y(t) 
in direct, relay and polarity mode. All these graphics have a maximum at seven seconds. 
 
 
4.4. x(t) and y(t) Signals Gaussians (Sensors Away or Low Flow Rate and High 
Sampling) 
 
Here is simulated a medium sampling rate and the detectors are again away but the delayed 
between the signals are 25 s. The Fig. 9a correspond to the x(t) and y(t) signal and the Fig. 9b 
represent the normalized cross correlation function under this condition. 
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Figure 9: (a) Two narrow Gaussian signals x(t) and y(t) with 25 seconds time 
displacement between them. (b) the normalized cross covariance function of the signals 
x(t) and y(t) in direct, relay and polarity mode. All these graphics have a maximum at 21 
seconds 
 
 
4.5. x(t) and y(t) Signals not Gaussian (High Flow Rate) 
 
In this case the flow rate is high and the signals are not Gaussian and are delayed two second. 
In the Fig. 10a show the input (blue points) and output signals (red points) and is not so easy 
at first sight to note de delay between them. In the Fig. 10b are the normalized cross 
correlation function in each mode of operation and the result of the delay time is the same. 
 
 
 
Figure 10: (a) Two fast (not Gaussian) signals x(t) and y(t) with two seconds delay 
between them. (b) This is the normalized cross covariance function of the signals x(t) 
and y(t) in direct, relay and polarity mode. All these graphics have a maximum at two 
seconds. 
 
 
4.6. x(t) and y(t) Signals not Gaussian (A Very Complex Flow Rate) 
 
This case is a simulation of a complex flow rate and the signals are not Gaussian again. The 
output signal (red curve) has five seconds time displacement with respect to the input (blue 
curve).  
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Figure 11: (a) Two complex signals x(t) and y(t) with five seconds delay between them. 
(b) blue, red and green are the normalized cross covariance function of the signals x(t) 
and y(t) in direct, relay and polarity mode,  respectively. All these graphics have a 
maximum at five seconds. The input x(t) and output y(t) are simulated too. 
4.7. x(t) and y(t) Signals not Gaussian (Second Case of Very Complex Flow Rate) 
 
 
This is the last case considered. Again the signals as the case before are no Gaussians and the 
output signal is 4 seconds delayed with respect to the input one, as shown in Fig. 12. 
 
 
 
Figure 12: (a) Two complex signals x(t) and y(t) with four seconds delay between them. 
(b) Normalized cross covariance function of the signals x(t) and y(t) in direct, relay and 
polarity mode,  respectively. All these graphics have a maximum at four seconds. 
 
 
5. ESTIMATION OF THE MODE ACCURACY 
Trying to find a quantitative estimation of the accuracy, was calculated in each mode of 
operation the kurtosis (m4/s2) and the skewness (m3/s3) of the normalized curves [4]. The 
skewness is the degree of asymmetry of a distribution and with the kurtosis is possible to 
measure the peakedness of the data.  
 
If the curve has a longer tail to the right of the central maximum than to the left, the 
distribution is said to be skewed to the right, or to have positive skewness. With these values 
was made the Table 1. If the kurtosis is close to zero the data are normally distributed and 
when the skewness is zero the data are symmetric distributed. A negative value indicates a 
skew to the left. A positive value indicates a skew to the right. 
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Table 1:  Values of kurtosis and skewness in each mode of operation 
 
Direct mode Relay mode Polarity mode Examples 
kurtosis skewness kurtosis skewness kurtosis skewness 
4.1 -0.57 0.712838 2.27 1.719403 0.10 1.024193 
4.2 -0.75 0.855857 -1.24 0.579055 -0.94 0.688007 
4.3 881.45 29.08962 286.27 16.43964 284.63 15.5515 
4.4 40.04 6.132266 20.96 4.51763 18.28 4.113142 
4.6 14.23 3.623712 11.70 3.328725 11.11 3.217055 
4.7 43.37 5.348481 23.99 3.67794 27.58 3.585139 
 
 
3. CONCLUSIONS  
 
In each mode of operation the widths of the curve vary. In all the cases the direct mode 
suggests to be the more accurate because of the values of the kurtosis, in this mode, is higher.  
This is as well an indication that the uncertainty vary with the operation mode. All the results 
in each mode are asymmetric. In the articles of the 60´s and 70´s of the last century talks 
about that the direct mode involves highest computational cost and the polar mode 
calculation the lowest computational [2]. However the evolution of the computers has 
changed this situation. In these preliminary results the situation seems to be opposite. The 
next steps to follow in this work could be confirming it. 
 
In a future work the evolutionary method will be examined in a similar way. 
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